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Abstract: Immunization with plasmid DNA encoding 
various proteins promises to be a valuable vaccine ap- 
!L a ch especially if its immunogenicity could be op- 
Ljiaed. In this study we show that the intramuscular 
delivery in dendritic cells (DC) of naked plasmid DNA 
encoding two proteins of herpes simplex virus (HSV) 
leads to the induction of significantly enhanced levels 
of resistance to viral challenge. Whereas DC transfected 
in vitro with DNA induced enhanced immunity, sim- 
ilarly transfected macrophage (M<*>) populations lacked 
inununogenicity even though plasmid expression oc- 
curred in vitro. The enhanced immunity induced by 
DC-delivered DNA appeared to be associated mainly 
with an increased Thl CD4+ T cell response. Our re- 
mits add evidence that DC are the essential antigen- 
presenting cell types involved in immune responses 
to intramuscularly administered DNA vaccines. J. Leu- 
hoc. Biol. 61: 125-132; 1997. 
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invading professional antigen-presenting cells (APQ is re- 
sponsible for immune induction [10]. It is conceivable that 
dendritic cells (DC), with their compendium of properties 
important for immune activation, are crucially involved 
(11). Indeed, an ever-increasing collection of proteins, pep- 
tides, or even mRNA incorporated into DC in vitro enhances 
the level of immune induction subsequendy achieved in 
vivo [12-18]. An early observation came from our own 
group showing that incorporation of peptides into DC en- 
hanced immune responses against HSV [19]. We have also 
shown that transfection of DC in vitro with nDNA encoding 
HSV proteins markedly enhances the subsequent primary 
immune response achieved in vitro against HSV [20]. In 
this study, we present the novel observation that immuni- 
zation with DC transfected with nDNA leads to a significant 
enhancement in protective immunity against an infectious 
agent. This effect fails to occur with macrophages (M<£) sim- 
ilarly transfected with nDNA. Our results are discussed in 
terms of the likely mechanisms of immunity responsible 
for improved protection and the relevance of using nature's 
adjuvant [11] in practical vaccinology. 



INTRODUCTION 

Reports in 1992-1993 that naked DNA (nDNA) could be 
used to induce immunity ushered in the era of nucleic acid 
vaccines [1-3]. The primary observations on influenza 
virus have been extended to several other agents, which in- 
clude viruses, bacteria, and certain parasites [reviewed in 
refs. 4-6]. Many hope that nDNA vaccines will find a place 
in the market but certain deficiencies must be overcome 
before the nDNA approach supplants any currently effec- 
tive vaccine. Typical of one problem is the result we have 
obtained using nDNA vaccines against herpes simplex 
virus (HSV) infection in mice. Protection was achieved with 
plasmid DNA encoding at least two different proteins, a 
structural major glycoprotein as well as a nonstructural 
immediate early protein [7-8]. However, in comparison 
with immunization with HSV or with recombinant vaccinia 
viruses expressing HSV proteins, levels of protection were 
inferior [9]. A challenge facing nDNA vaccinology is to 
find means of enhancing immunogenicity. 

Although the mechanisms by which nDNA vaccines 
given intramuscularly achieve immunogenicity are still un- 
resolved, it is most likely that the plasmid expression by 



MATERIALS AND METHODS 

Mice 

Female BALB/c mice, 3- to 4-weeks old, purchased from Harlan Sprague- 
Dawley, Indianapolis, IN were used in this study. The investigators ad- 
hered to the guidelines of the Committee on the Care of Laboratory Ani- 
mal Resources, Commission on Life Sciences, National Research Coun- 
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cil and the facilities are accredited by the American Association for 
Accreditation of Laboratory Animal Care. 

Virus 

HSV-1 strain 17 and KOS were grown on vero cell monolayers (no. 
CCL81, American Type Culture Collection, Rockville, MD) and stored at 
-80°C until use. 

DNA preparation 

Plasmid (pc-DNAI) DNA expressing glycoprotein B (gB) or infectious 
cell polypeptide 27 (1CP-27) of HSV-1 was constructed as descried 
17 81 Briefly, a cDNA clone of HSV-1 (KOS) gB (kindly provided by 
Dr. Martin Muggeride, Wistar Institute), a 3.7-kb HindHI-BamHI frag- 
ment was subcloned into vector pcDNAI (Invitrogen, San Diego, CA) al- 
lowing expression of gB by a cytomegalovirus promoter. This clone (pc 
K B) was transformed into Escherichia coli MC1061 strain Gnvitrogen) 
and stored at -70°C in a 15% saline/0.1% glycerol solution. Bacteria 
were grown in Lennox L Broth (Life Technologies, Paisley Scotland, cat- 
alog no 12780-052) and plasmids were isolated using Megaprep plas- 
mid isolation columns (Promega, Madison, WI). Purity and concentra- 
tion of DNA were determined as described previously 120] A sirmlar 
procedure was used for the construction of ICP-27 DNA. A 2.4-kb ICP- 
27 cDNA was cloned into M13mpl8 and was subcloned into Hindlli- 
Xbal sites. 

DC isolation 

Syngeneic DCs were isolated as per the procedure mentioned elsewhere 
1211 Briefly BALB/c splenocytes were obtained and the cell concentra- 
tion was adjusted to 2 X 10? cells in 3 mL of RPMI 1640 medium con- 
taining 10% fetal calf serum (RPMl-10% FCS). These cells were over- 
layed onto 2 mL of 14.5% metrizamide gradient column. After a 
low-speed centrifugation (200 g for 10 min), cells from the interface 
were collected and washed twice in RPMI-10% FCS. The pellet was .re- 
suspended in another 3 mL of the same medium and the above proce- 
dure was repeated. Cells from the interface were collected and I used 1 for 
analysis. This preparation resulted in DC enrichment up to '85-90%, 
which was analyzed by FACS analysis using monoclonal anybody SdUl 
(mAb 33D1 was kindly provided by Dr. Ralph Steinman, the Rockefel- 
ler University, New York, NY). Other cell types such as T cells (Thy 
1.2+), Md> (Mac-1 + ). and B cells (B220+) constituted 5-10% in these 
DC preparations. 

Isolation of splenic M<t> from the spleen 

The isolation method used has been described previously [21]. Briefly, 
the splenic cells were allowed to adhere onto a plastic tissue culture 
T-150 flask for 90 min at 37 °C. The adherent cell popukuon was 
scraped off and allowed to re-adhere for another 1 h at 37 ' L. 1 he re- 
adhered population was dislodged and resuspended in RPM ^1640 with 
5% fetal bovine serum. Flow cytometric analysis using mAb o >4/8U 
revealed that this population contained 70-80% Md> and <1% DC. 

Transfection of DCs and M<t> 

DCs were transfected with pc-gB DNA, pc-ICP27, or vector (pc-DNAI) in 
the presence of DOTAP (tf-[l-(2,3-dioleoyloxy)propy W^'Ton ,1 " 
ammonium methyl sulfate) as described previously 20 . Bnefly, 200 uL 
of phosphate-buffered saline (PBS; pH 7.2), 15 uL of DOTAP, and 50 
ug of DNA were mixed and allowed to stand for 10 min at room tem- 
perature. DCs (5 x 10 6 ) in 1 mL RPMI 1640 medium containing 5% 
FCS (heat inactivated) were then added to the DNA-DOTAP mixture and 
incubated for 3 h at 37°C with occasional shaking. Finally, the cells 
were washed three times in PBS (pH 7.2) and used for injections. 

Gene expression in the DC and M<3 

To evaluate the gB-DNA expression in the transfected APCs, a proce- 
dure described by Rouse et al. [20] was followed. Cells (10*) of each 



enriched type (DC or M(p) that were transfected with plasmid construct 
were incubated for 3, 24, and 48 h at 37°C. Cells treated with vector 
DNA that did not contain HSV antigen or DOTAP alone served as the 
negative controls. Test and control group cells were harvested at the above 
indicated time points and washed four times in 20 volumes of RPMI. 
10% FCS by centrifugation at 1000 rpm for 10 min. After the fourth 
wash the cell pellets were dissolved in 1 mL of Tri-Reagent (Molecular 
Research Center, Inc., Cincinnati, OH) and the total ceDular RNA was 
extracted and treated with RNase-free DNase (Promega, Madison, WI) 
to remove the contaminating plasmid DNA. These samples were reverse- 
transcribed by use of oligo-dT(18) primer* and superscript H (both from 
Life Technologies, Inc., Grand Island, NY). The levels of B-acun and 
gB transcriptions were measured with the use of a competitive quanti- 
Utive polymerase chain reaction (PCR) employing a muluspecific com- 
petitor as described elsewhere [22]. To minimize the variations due to 
efficiencies of RNA extraction and reverse transcription, the values were 
expressed as the ratios of gB and B-actin messages. Culture supematants 
collected after the fourth wash from the 3-h samples were screened for 
the presence of gB-DNA (plasmid DNA) by the PCR procedure de- 
scribed above. 

Radioimmunoprecipitation and sodium d°decyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
detection of protein expression 

To demonstrate the expression of gB protein in transfected M« and DC 
enriched cell populations were transfected with pc-DNA encoding gB 
according to the transfection protocol described earlier [20] The de novo 
synthesized proteins were labeled with 100 uCi/mL of 35S-methioniJie 
(sp. act. 1190 Ci/mmol, 1CN Radiochemicals, Irvine, CA, catalog no. 
51001 H) in methionine-free medium (Sigma Chemicals, St Louis. 
MO) DC and Md> transfected with control plasmid (pc-DNA) served as 
the negative control. Lysate of CV-1 cells infected with recombinant vac- 
cinia virus expressing gB was used as the positive control. The cells were 
harvested after 24 and 48 h of transfection and were suspended m 
radioimmunoprecipitation assay (R1PA) buffer containing 1% NP40 
and sodium deoxycholate, 1% Triton X-100 (Sigma) and 100 uM each 
of the protease inhibitors (phenylmethylsulfonyl fluoride, aprotimn, and 
leupeptin, all from Sigma). The resulting total cell lysates were then in- 
cubated with polyclonal sera raised against HSV1 in BALB/c mouse ab- 
sorbed to protein-A sepharose beads (Sigma). The immunoprecipitated 
samples were resolved by electrophoresis in 10% SDS-polyacrylamide 
gels The gel was enhanced with En3Hance (New England Nuclear 
Boston, MA) for 1 h before drying and autoradiography. 

Immunization 

BALB/c mice were immunized on days 0 and 7 with 10' DNA-transfeded 
APC (DC or M<t>) via the quadriceps muscle. The same number oJ nu« 
received 90 tig of gB or ICP-27-DNA on the same days. Mice receiveo 
naked pc-DNAI vector plasmid (vector DNA) or APC transfected wtfft 
pc-DNAI to serve as negative controls (DC-vector or M-M- Positive co 
Trol mice received 10' plaque-forming units (PFU) HSV-1 (KOS) -*n> 
muscularly on days 0 and 7. On day 14, mice were either chaUengtf 
with HSV-1.17 or splenocytes were collected from the ^ mice to * J 
the cellular immune responses. In addition, sera were collected lrom 
mice for antibody studies. In some experiments mice were 
only once with nDNA or with transfected DC or Md>. These animaU we 
challenged at week 5 with HSV-1.17. Before the challenge, blood 
collected from these animals (from retro-orbital sinus) and the anw»~ 
pattern was studied by enzyme-linked immunosorbent assay. 

Virus infections 

Immunized mice were, challenged with HSV-1.17 as ^f"*^ 
where [7]. Briefly, on day 14, just before challenge the left flanfe > 
thetized mice were depilated and scarified and 10-2° £ L . ° f ^1 
104 (10 IDso), 10* (100 IDso), or 5 x 105 PFU (500 ID 50 ) 
(17 strain) was added and the flanks were gently massageo. . 
were observed daily for ipsilateral zosteriform lesions, change in b 
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. to dUmbpardvsis,en C ephaUtis,andmortahty.So^ntyof^e 

b^ 0 * ^sco^d in a blinded fashion as follows: 1 +, vesicle forma- 
ksions ^ re ^ on ^ Oration 0 f the local lesion; 3 + , mud-to- 
00« 2 + ' rltifln- 4 + severe ulceration, hindlimb paralysis, and en- 

AnSab ^'with^T lesions were killed because animals with Cytotoxic T Cell (CTL) assay 



„ x 10-2 mm . The mean ear thickness of each ear from each group of 
animals was calculated and the mean increase between before and 48 n 
after injections was compared between the various vaccine recipients. 



Sons of such severity never recover. 

ib assays - 

1Wte d on day 14 were used to screen for 6 B specific and Hb\- 
^ SSunoglobulin G using a standard quantitative enzyme-unked 
spCClfi ItentLay technique described previously [7J. 

Neutralization assay 

«. ^rus neutraUzation assay was performed as mentioned elsewhere 
^S SO uL of heat-inactivated serum were added m varying di- 
17 • » L-bottom 96-weU microtiter plates (Falcon, Oxnard, CA). To 
?1l52Q0 PFU live HSV-1 (KOS strain) was added and the 
**[ £ was incubated for 18 h at 4°C. To this mixture, 50 uL of 
^t'SbTcomplement (one-quarter dilution) were added andm- 
^batS for 1 h at 37°C. The serum dilution that neutralized 50% ol 
Jhe virus was considered as the titer. 

Lymphoproliferation assays 



Details for performance of these assays have been published elsewhere 

^in\ ResDOnder-to-stimulatory ratios ranged from 10.1 to U.a.i. r-ig" 
ITLS before the harvest, [ 3 H]TdR (thymidine; 1CN J^b-to 
^ "Log no. 2404105) at a concentration of 1 uG well was added 
S,wi Vr harvesting, the radioactivity in pelleted crfb ~ 
sured with a beta scintillation counter (Inotech, Lansing, MI, Trace 
13am) Results were expressed as total counts per minu e (cpm) 
E orporation as well as by standard stimulation index Isumula- 
tionlndex = (cpm of responders with HSV-infected stimulators/cpm of 
responders with naive stimulators)). 

Cytokine studies 

Immune splenocytes obtained from various vaccine-recipient mice were 
LTened L lheT cytokine profile by a procedure d-J^^S 
m Fnr thp.se assavs. 10 6 cells were suspended uilmLof HTMl-wro 
E SuL« plate. Cells from each vaccinated group 
IZ divided into three sets. One set of 10* cells were in vitro tesUmu- 
Ld with UV-HSV-1 (KOS; MOI 1.5 before UV inacuvafc Man Nhe 
other set with 5 Ug of concanavalin A. One set remained 
with any of the stimulants. All of these cells were incubated at 36 C for 
72 h and the supernatant from each weU was collected, ahquoted, and 
stored at -20°C until used. These supernatants were analy^d for va 
ious cytokines as per the previously described procedures [7 ]. 
Interferon^ (IFN-y) was detected by usin B , ui IF ^ enzy^nk^ nn 
munosorbent assay minikit (Endogen, Cambridge, MA). Inte rieukm (IU 
-2 and IL-4 were detected by bioassays using CTLL-2 and C14.S ceUs 
11 1 H-4 were kindly provided by Cynthia ^ ^n^ 
lutes of Health, Bethesda, MB), respecuvely. Concentrations of the cy 
tokines were derived from the standard curve. 

Delayed-type hypersensitivity (DTH) assays 

On the day of testing, each mouse was injected with 20 «£™ 
inactivated HSV-1.1 KOS (10* PFUs before inactivatxon) ™J*?&™ 
and the same volume of vero cell extract in the left ear. The nght and 
left ear thicknesses of each mouse were measured with a screw gauge 
rlrmd test H C KroepUn GHBH, Germany) and recorded lndivid- 
:S The h tcL* w^measured at 1 h before ear injection, then * 
24! 48 and 72 h after injections and the values were represented as 



Spleen cells (effector cells) collected on day 14 after immunization were 
measured fo the presence of MHC-restricted CTL* by a procedure that 
ZTen des.ribid elsewhere [21). Briefly, 

lated in vitro with UV-HSV-1 (KOS; MOI = 5) in RPMI-10% FCS and 
performed. 

Statistics 

Student's west was used for evaluating statistical significance. 



RESULTS 

Levels of immune protection induced 

Groups of immunized mice were challenged intracutane- 
ous^ with different doses of HSV-1.17 and antmals were 
followed for the ensuing 14 days for signs of disease. Umrn- 
munized mice usually develop zosteriform lesions on the 
flank by day 7 and die of encephalitis by day 14 As shown 
in Figure 1, this was the fate of mice immunized with vec- 
tor DNA not encoding any HSV proteins However, the ma- 
ority of mice immunized with plasmid DNA ^ encoding 
either gB or ICP 27 resisted challenge with 10 ID50 ol 
virus. In mice immunized with DC or M</> that had been 
transfected with DNA, markedly different results were ob- 
tained. Whereas all mice immunized with transfected DC 
resisted the 10 ID50 challenge, all who received trans- 
fected succumbed. This pattern of responsiveness 
held true in two repeat experiments of like design. The re- 
sults with low-dose challenge indicate that transfected DC 
provide even greater protection than nDNA alone ^ even 
though the latter mice probably received a much higher 

d0 Sn O chaUeng e with a 100 ID50 of virus, the superior pro- 
tective efficacy of DC delivery became even more apparent 
(Fie 1) Most mice immunized with nDNA succumbed to 
challenge but the majority of mice immunized with trans- 
fected DC survived (P < 0.001). However whereas HSV- 
im munized mice could -rvive 500 ID50 (or even mog 
of viral challenge, mice given DC gB DNA or DC ICP-27 
DNA could not. The pattern of results obtained in mice im- 
munized twice with DNA then challenged quite early after 
immunization on day 14, held true in another experiment 
in which mice were immunized intramuscularly on a single 
occasion but challenged much later at 5 weeks postimmuni- 
zation (Table 1). The results presented in Table 1 indicate 
that transfected DC provided better protection against high- 
dose challenge than was induced by nDNA but once again 
no protection, even against low-dose chaUenge, was ob- 
served in mice immunized with transfected M0- 
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Dendritic cells pulsed with DNA enhance immune response 
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TABLE 1. Immunization of Mice with a Single Dose of NDNA orl 
Transfected APC° 1 



Virus challenge dose (ID50) 



Fig. 1. Enhancement of a protection against HSV by DNA delivery via 
DC. Dendritic cells were isolated from BALB/c mouse spleens using a 
14.5% metrizamide density gradient and macrophages by the plastic 
adherence method as described in Materials and Methods. Each of 
these enriched APC types were transfected with plasmid DNA. Either 
nDNA or transfected cells or HSV-1 (KOS strain) were used for immuni- 
zation on days 0 and 7. N, naked DNA encoding gB or ICP-27; DC, 
dendritic cells transfected with gB or ICP-27 DNA; M0, macrophages 
transfected with DNA. On the 14th day mice were challenged intracii- 
taneously with different doses of HSV-1. 17. Filled bars, the percent of 
mice protected on challenge with 10 ID50. Stippled bars and hatched 
bars show the protection when challenged with 100 and 500 ID50 virus 
doses, respectively. Not shown were the groups that received vector DNA 
(negative control), which were all succumbed at day 14. Figures repre- 
sent the protection values obtained on day 14 post-challenge. Animals 
that did not develop any lesions were considered protected animals. 



Plasmid DNA in transfected DC and M<£ 
is expressed 

Our observation that immunization with transfected DC in- 
duced protection, whereas transfected M<j> failed to do so 
requires explanation. To exclude the simple explanation 
that transfection was only successful in the DC population, 
highly enriched populations of both DC and M<f> were trans- 
fected with pc-DNA encoding gB and washed cells were 
held in culture for various times before harvesting their 
RNA. The RNA was subjected to qualitative and quantita- 
tive reverse-transcriptase polymerase chain reaction (RT- 
PCR) to detect and compare expression of mRNA for gB. 
Aliquots of cells immediately after transfection and wash- 
ing were also used to test their immunogenicity. Again the 
same pattern of results was obtained with protection occur- 
ring with DC but not with M<£ (data not shown). As regards 
mRNA, both transfected DC and M<t> cell populations ex- 
pressed gB mRNA. This was detectable at all three time 
points measured (3, 24, and 48 h; Fig. 2). Attempts to 
detect protein levels by radioimmunoprecipitation assay in- 
dicated that both cell types produced gB protein (Fig. 3). 
Interestingly, cell lysates of transfected macrophages but 
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BALB/c mice were immunized on day 0 with nDNA, APC, or HSV as de- I 
scribed in Materials and Methods. Animals were challenged on week 5 with 
different doses of HSV-1. 17 such as 10, 100, or 500 ID50 (10 1D 50 - 1 x 
10 s PFU/mouse) and observed for 14 days. The number of animals that devel- 
oped lesions out of the number exposed is shown. 

"The groups that were dead by day 14 post-challenge are not shown. Those 
groups were the mice that received vector DNA directly or via APC; 
M<6-ICP-27. 

D, lesion-developed mice that died. 



not DC additionally showed a degraded form of gB. We can 
conclude from our results that the failure of transfected Mtf> 
to induce protection was not because such cells failed to 
express the plasmid DNA. 

Measurement of immune responsiveness 

In an attempt to provide a mechanistic explanation for the 
enhanced levels of protection observed following immuni- 
zation with DC-incorporated nDNA, various measures of 
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Fig. 2. Qualitative profile of housekeeping gene (HPRT) and gB expres- 
sion. Total RNA derived from equal numbers of cells was treated with 
RNase-free DNase and was reverse transcribed using subscript II and 
Oligo dT(18) primers. The resultant cDNA were taken up in equal vol- 
umes and amplified using HPRT and gB specific primers. The PCR prod- 
ucts were analyzed on a 2% agarose gel, stained with ethidium bromide, 
and photographed. Also the supematants from the fourth wash were ex- 
amined for the presence of free pc-DNA gB by PCR. Lanes A, DNA 
marker (1.0-kb ladder); lane B, DC-gBDNA, 3 h; lane C, DcgBDNA, 
24 h; lane D, DcgBDNA, 48 h; lane E, DC-gB DNA, supernatant; lane 
F, M<£-gBDNA, 3 h; lane G, M^-gBDNA 24 h; lane H, Mrf> gBDNA, 48 h. 
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Cte 3 gB-protein detection by radioimmunoprecipitation Trans- 
Sld DC or M* were grown in methionine-free medium supplemented 
meduonine Tfor 24 and 48 h. At these time points cetts 
^ harve^d and lysed in RIPA buffer (see Materials and Methods • 
r^es^ then treated with mouse anti-HSV serum adsorbed onto 
ES-A-Sepharose beads. The immunopr^cipt^es were resolved on 
To% SDS-polyacrylamide gel, enhanced dned and ^autorajo- 
lohed. gB protein (~ 110 kDa) is shown at lanes B, C F, and H. Also 
foSed form of the same protein could be seen ,n lane F. UneA. 
KEar DNA, 24 h; lane B, DcnDNAgB, 24 h; lane 
dfl h- lane D. DC-vector DNA, 48 h; lane E, M<f>-vector DNA, 24 h, lane 
F M<2>-nDNA-gB, 24 h; lane G, M*-vector DNA, 48 h; lane H, M*- 
J'DNtgB, 48 h; lane I, non-transfected DC/M* cell lysate. 



humoral and ceUular immunity were made. Most antibody 
Lsurements were made on day 14 following DNA im- 
munization, at which time levels are low and stiff nsmg_ In 
such samples no significant differences in levels of Ab to 
gB detectable by either ELISA or neutralization were ob- 
served between nDNA and DC-DNA immunized mice 
(data not shown). In none of the mice immunized with M0- 
DNA was serum antibody to HSV detectable. In contrast, 
in serum pools from animals immunized on a single occa- 
sion and examined at 5 weeks, antibody responses were 
readily detectable by ELISA and neutralization in gB DNA- 
unmunized mice (Table 2). Moreover, the ELISA Mer m 
animals immunized with DC-DNA was more than fivefold 
higher and showed a higher IgG^-IgG! ratio than the 
pool from animals immunized with gB nDNA. 

Measurement of cell-mediated immunity also revealed 
some differences between DC-DNA-immunized and nDNA- 
immunized mice. Most striking were ^ jMfen^ in 
antigen-specific proliferative responses (Table 3)- .^k^ 
ative responses in spleen cells from mice ^ immunized with 
both DC-gB DNA and DC ICP-27 DNA were both sig- 
nificantly higher than were those observed in mice immu- 
nized with nDNA (P = 0.003). The proliferative responses 
observed in splenocytes from mice immunized with trans- 
fected DC were similar to those observed in HiV- 
immunized mice. The data also indicate that mice immu- 
nized with transfected M<*> failed to respond. 

Antigen-stimulated cultures were also compared for 
their pattern of cytokine responsiveness measuring levels 



of IFN-7 IL-2, and IL-4 production. Splenocytes obtained 
from nDNA-gB- or ICP-27-vaccinated mice produced 
higher levels of Thl cytokines on in vitro resumulation with 
HSV (Table 4). A similar cytokine profile was also ob- 
served on DC-DNA vaccination with no apparent increase 
in the response. However, mice immunized with M* gB 
DNA failed to show cytokine induction, once again indicat- 
ing their failure to respond to the immunization. 

On analysis of DTH reactions to HSV antigen, DC gB 
DNA- and DC ICP-27 DNA-immunized mice were ob- 
served to have enhanced responses over those occurring 
in mice immunized with nDNA (Table 5). This may indi- 
cate a more vigorous CD4 + T cell response in mice im- 
munized with transfected DC. 

Finally, levels of CTL induction were compared m the 
various groups of mice. For these analyses, pooled spleno- 
cytes from each group were stimulated in vitro with HSV 
antigen for 5 days followed by measurement of CTL activ- 
ity CTL activity was noticed in the groups that received nDN A- 
ICP-27 or DC-DNA-1CP-27. However, no statistical differ- 
ences in responsiveness could be found (data not shown). 

DISCUSSION 

In this study we demonstrate that superior immunogenic^ 
results from introducing naked DNA vaccines into dendrit- 
ic cells ex vivo and using such cells for immunization. 1 his 
was shown by comparing the level of protection against 
HSV challenge induced by naked DNA encoding HSV pro- 
teins given directly with the same source of DNA transfected 
in vitro into DC. Whereas both immunization protocols pro- 
tected against minimal viral challenge, the superiority of the 
DC delivery approach became evident as viral challenge 
levels were increased. Our results add to the increasing evi- 
dence that DC act as potent carriers of immunogens Most 
previous reports have involved tumor immumty and have 
used DC to deliver proteins, peptides or even RNA INS- 



TABLE 2. Enhancement of Antibody Production on Single 
Vaccination- of Mice with DNA-Transfected PL 



Nt. Ab* 


Total 




titer 


IgG 


IgGz. 


16 


1,664 


1,919 


<2 


<100 


<1 


32 


10,240 


12,757 


<2 


<100 


<1 


<2 


<100 


<1 


<2 


<100 


<1 


32 


23,200 


28,500 



yB-S pecific antibodies (ng/mL) 

IgGz.-.IgCi 



IgGi 



504 
<1 

610 

<1 
<1 
<1 

2,200 



ratio 
4.3 



20.6 



13.0 



gB-DNA 
vector-DNA 
DC-gB 
DC-vector 
M<f>-gB 
M<£-vector 

HSV 

° RALB/c mice were immunized once with nDNA or transfected APC or HSV 
(KOS) m L o^adrieeps muscle. Five weeks later, serum from *-« 
ITcolleOed L cheXed for the presence of gB-specJic anubcJies by ELISA. 

sera were tested for their neutralizing ^LT"^^ E 
assSed virus neutralization (Nt.) assay as descnbed m Maten^d Method. 
Ue table represents the Nt. antibody titers of each sample tested^ Jhe^rum 
dflution that caused 50% reduction of virus plaques was cons.dered as the 
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1 



TABLE 3. HSV-Specific Lymphoproliferation of the Spleen Cells from DNA-Immunized BALB/c mice 



HSV stimulators 



Res ponders 



10:1 



0.3:1 



Naive 
stimulators, 
10:1 



No 
stimulators 



Prolifei 
Inde 



gB-DNA 
ICP27-DNA 
vector-DNA 
DC-gB 
DC-ICP27 
DC-vector 
M<>-gB 
Mi>-ICP27 
Md>-vector 
HSV 



532.8 
563.0 
45.8 
5740.5 
5191.0 
58.2 
201.6 
151.5 
105.0 
7561.0 



93.0 

100.0 

18.0 

126.6 

860.4 

38.1 

82.7 

37.5 

35.3 

1499.0 



122.5 
79.0 
32.8 

100.0 
43.8 
49.5 
37.5 
55.5 
19.0 

105.5 



59.3 

17.7 

11.8 

64.6 

4.8 

28.8 

17.7 

24.8 

5.7 

97.3 



34.0 
51.0 
30.3 
24.5 
35.3 
24.0 
39.4 
34.5 
29.0 
42.8 



11 

6.9 

10 

8.8 

8.4 

8.8 

1.4 

2.1 

1.4 



± 8.6 



32.3 
75.3 
26.5 
33.7 
32.3 
21.3 
28.5 
19.0 
15.0 
44.3 



± 4.0 
± 48.0 
± 8.5 
± 12.6 
12.6 
7.1 
5.0 
12.7 
7.1 
18.1 



15.9 
11.0 
1.5 
234.3 
147.0 
2.4 
5.2 
4.4 , 
3.6 
176.7 



BALB/c mice were immunized with nDNA or DNA-transfected APCs on days 0 and 7. Mice vaccinated with HSV-1. KOS served as the positive immune group! 
HALD/c mice were immunizea wim uu ~ .infected stimuuilor ceUs (syngeneic splenocvtes). The table represenul 

On day 14 immune splenocytes recovered were in ^ ™^ ^ "^^^^^,^7^ infect^dsUmulators/CPM with naive stimuli 
the stimuli ion ind« « . ^^^^^^ ^ 1 ^ U ° f « ^ ^ 

^Z^ZZZ^^ZSIZ ray counter. As aVsi f ve control, each « " ST * " 1 

Ug/mL). [^thymidine was added to.this group at 48 h and harvested at 72 h. All the groups showed a mean CPM of 25,000 to 30,000. 



18]. Our report may be the first to use DC to deliver nDNA 
and to focus on protection against an infectious disease. 

The surprising observation in 1992 that naked plasmid 
DNA induced effective immunity following parenteral or 
mucosal administration was soon confirmed in many sys- 
tems [1-3]. We, for example, showed the value of nDNA 
to protect against HSV infection [7, 8] and these reports 
were later confirmed by others [23, 24]. Indeed, commer- 
cial groups are seriously considering the use of nDNA to 
vaccinate against HSV as well as many other agents. How- 
ever, some significant obstacles still remain before nDNA 
can be considered as the panacea for vaccinology. One im- 
portant issue is efficacy. In our own studies on immunity 
to HSV in mice, immunization with nDNA intramuscularly 
[7, 8] or even intranasally [25], was shown effective but 
less so than the alternative more traditional approaches. 
Accordingly, mice immunized with attenuated virus or re- 



TABLE 4. HSV-Specific Cytokine Production of the Spleen Cells 
from Various Vaccine Recipient Mice 



combinant vaccinia viruses expressing HSV proteins, re- 
sisted far higher doses of viral challenge than did nDNA- 
immunized mice [9]. This observation held true for studies 
with DNA encoding at least two HSV proteins: gB, a major 
glycoprotein and ICP-27 a regulatory protein [7, 8]. Our 
present observation that delivery via DC enhanced immu- 
nity, although perhaps not a practical vaccination proce- 
dure against an infectious disease, does support the idea 
that nDNA should be capable of inducing effective levels 
of immunity. Although DC can be given repeatedly without 
apparent problems even to humans [15], for practical pur- 
poses it may be necessary to optimize the delivery to DC 
in vivo or to exploit strategies that attract and activate such 
cells. Regarding the latter idea, Ertl's group has shown 
the value of co-administration of DNAs for granulocyte- 
macrophage colony-stimulating factor (GM-CSF) with a 
virus glycoprotein DNA to enhance immunogenicity [26]. 
We have observed similar effects with nDNA for HSV pro- 
teins given along with GM-CSF DNA to enhance anti-HSV 
immunity [25]. Thus far, whether or not GM-CSF induced 



Immunogen 


IFN-y 
(pg/mL) 


IL-2 

(pg/mL) 


IL-4 
(pg/mL) 


TABLE 5. 


Analysis of the DTH of the Vaccinated BALB/c Mice 


pc-gB 
pc-ICP-27 


2,400 
1,800 


2,150 
2,200 


<10 
<10 


Immunogen 


Left ear 
(vero cell extract) 


' Right ear 
(UV HSV-1. 17) 


pc-vector 

DC-gB 

DC-ICP27 

DC-vector 

M0-gB 

M<£-vector 

M<MCP-27 

HSV 


<50 
2,600 
2,300 
<50 
<50 
<50 
<50 
2,250 


<50 
2,500 
2,400 
50 
<50 
<50 
<50 
2,500 


<10 
<10 
<10 
<10 
<10 
<10 
<10 
50 


gB-DNA 

ICP-27-DNA 

vector-DNA 

DC-gB 

DC-ICP-27 

DC-vector 

HSV-1 (KOS) 


2.0 ± 1.2 
1.8 ± 0.5 
2.8 ± 0.5 
2.8 ± 0.5 
2.5 ± 0.6 
2.0 ± 0.8 
2.3 ± 1.0 


7.8 ± 12 
7.3 ± 1.3 
2.3 ± 0.9 
15.0 ± 14 
12.0 ± 16 
1.8 ± 10 
16.0 ± 4.0 



BALB/c mice were immunized with nDNA or transfected dendritic cells or 
HSV-1 (KOS strain) on days 0 and 7. Splenocytes collected on day 14 were in 
vitro-restimulated with UV-inactivated HSV-1 (KOS) for 72 h. Culture supema- 
tants collected at 72 h were screened for cytokines IFN-y (ELISA), IL-2 (CTLL- 
2 bioassay), and IL-4 (CT4.S bioassay). Unstimulated culture supernatant* had 
no detectable levels of screened cytokines. Similar results were obtained from 
three experiments and the table represents one of the representative experiments. 



BALB/c mice immunized with immunogens were used ior u in assay v.. 
14. Test antigens injected were 20 nL of HSV-1-17 (\(fi PFU before UV uv 
activation) or vero cell extract. Ear thickness was measured before the injection 
and 24, 48, and 72 h after the ear injection. Values are mean ± sd increase 
in thickness at 48 h after ear challenge. Values are represented as n X 10" 
mm. Mice received M<t> transfected with gB or ICP-27 or vector DNA did not 
show a mean increase of more than 3.0 mm X 10" 2 mm. 
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' „, e nt functions occurs solely by effects on DC ac- 
enh^" n eeds formal demonstration. Interestingly, of 
^tymvxvo needs ^ enh re 

^erSntmoi GM-CSF is often found to be the 
0OSt effective 12^ ^ , { sis . 

M tStn g DC delivery, it seems likely that further im- 
^may be attained perhaps reaching to the level 
^ X achieved by attenuated vims immuruzafcon. In 
° f ^S^plenic DC were used, not DC from bone mar- 
01,1 ome tumor systems appears to be superior 

^w, which m ^-administration of acti- 

& 11 ^XXt^oles may enhance the efficacy 
TnTdeuven TThisTssTe is currently under invesUgaUon 
» fDC r S;i Curiously, whereas DNA-transfected DC 
„, our laDorawij , similarly transfected 

T^^r ^Z^ betJeen DC and 
M t d noAd?ntSed but the observation that DC are 
M * W TaPC - primary immune responses both in vivo 
SU K viu^ h* beclmTwidely recognized [29]. We con- 
^Ted Zt the failure of transfected M<f> to provide im- 
sidered that me adequately take up 

n,-ni V »as became such faWtt ^ ^ for 

protein immunogemcity recentiy receivea an 

" MiLurements of levels of immune responses occurring 
in n^Xompted with DC DNA-immunized animak were 
^ man * ?fg$^^ 

evident primarily in CD4+ T ceU function, P^ umab ^ 

Tat subset with a type 1 ^^^S^^ 
vated DTH reactions, a correlate of Thl responses g 
HSV 1301, and IgC antibody levels were noted 1 ceU 
proliferation responses to in vitro summation with HSV 
protuerauon re p , . D C-DNA-immumzed mice, 

were also markedly elevatea in uv. ,. v tokines 
but efforts to detect increased amounts of 
in lymphoid cells from DC-DNA-rmmunized mice were noj 
successful. Interestingly, significant effects on CTL kveU 
were not detected, a surprising observation f^S^X 
eral examples where delivery of protons and 
in DC have led to enhanced tumor immunity, the ettect was 
Unke'd to a bttter CTL 

c;w »v,o t n,,r assavs were insufficiently sensitive to detect 
dut nce^ beSuS in the HSV system responses are mod- 
tfand only demonstrable following secondary m vi*o 
Luton 1321. Analysis by limiting ; diluUor .to .numerate 
CTL r> mav be required to reveal changes in the LU» 
c^U re %oL Both this approach as well assays to enumer- 



ate individual cytokine-producing cells an >^*££ 
tion to guide the further improvement of nDNA immuniza 
tion approaches. 
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